Crystallography has provided invaluable insights regarding ion-channel selectivity and gating, but to advance understanding to a new level, dynamic views of channel structures within membranes are essential. We labeled tetrameric KirBac1.1 potassium channels with single donor and acceptor fluorophores at different sites and then examined structural dynamics within lipid membranes by single-molecule fluorescence resonance energy transfer (FRET). We found that the extracellular region is structurally rigid in both closed and open states, whereas the N-terminal slide helix undergoes marked conformational fluctuations. The cytoplasmic C-terminal domain fluctuates between two major structural states, both of which become less dynamic and move away from the pore axis and away from the membrane in closed channels. Our results reveal mobile and rigid conformations of functionally relevant KirBac1.1 channel motifs, implying similar dynamics for similar motifs in eukaryotic Kir channels and in cation channels in general.
Because gated currents through single-ion-channel pores were first observed over 40 years ago 1 , the gating behaviors of many ion channels have been recorded and analyzed at the single-molecule level, and numerous kinetic schemes have been developed to predict the physical states underlying gating transitions 2 . In addition, membraneprotein crystallography has provided high-resolution structures of ion channels in various configurations and has suggested conformational changes that must occur for currents to turn on and off [3] [4] [5] [6] [7] . Crystal structures have led to ideas regarding structural mobility and rigidity, such as: (i) the K-channel selectivity filter is a rigid structural feature [8] [9] [10] ; (ii) the slide helix of inward rectifier potassium (Kir) channels [11] [12] [13] [14] , or the short α-helix that links the voltage sensor and the channel pore in voltage-gated channels, has a role in controlling the helix-bundle crossing (HBC) gate 15, 16 ; and (iii) the Kir-channel cytoplasmic domain itself moves relative to the transmembrane domain during gating 4, 17, 18 . However, crystallographic analyses cannot test these ideas because such methodologies typically access only a few stable states of channel proteins and do so in environments that are very different from the lipid bilayer. Hence, the relevance of crystallographic 'snapshots' to the dynamic gating events of ion channels in cell membranes may not always be apparent.
Kir channels have critical roles in shaping the action potentials of cardiomyocytes, potassium homeostasis of the kidney, hormone secretion of pancreatic β-cells, membrane potentials of nerve and glial cells, and the electrical activity of endothelial and smooth muscle cells 19 . Multiple Kir-channel structures have been resolved, but conformational trajectories of gating transitions remain speculative, although they are critical for a full understanding of gating mechanisms. KirBac1.1 is a prokaryotic Kir homolog that has the same core structural elements as eukaryotic Kir channels 17, 20, 21 and provides a model system to study Kir-channel gating; both crystallographic and molecular simulation analyses have indicated similar structures of open and closed channels in bacterial and eukaryotic Kir homologs 4, 17, 18, 22 . Phosphatidylinositol 4,5-bisphosphate (PIP 2 ) is a gating ligand for many ion channels and is a universal activatory ligand for eukaryotic Kir channels [23] [24] [25] , stabilizing the open conformation 4, 17, 19, 25 . In prokaryotic KirBac1.1, the PIP 2 -binding site is not identical to that in eukaryotic channels, thus resulting in a switched coupling whereby PIP 2 acts to stabilize the closed state 26 .
Single-molecule FRET (smFRET) can report on unsynchronized conformational changes that are masked by ensemble averaging of macroscopic measurements 27, 28 , and it may bridge the gap between crystal structures and single-ion-channel current analyses. Very few membrane proteins have been studied by smFRET [29] [30] [31] [32] [33] , owing to the technical challenges of position-specific fluorophore labeling, particularly in multimeric proteins. In the present study, we set out to analyze the dynamics of structural motions in KirBac1.1 in closed (PIP 2 bound) and open (ligand-free) states through smFRET. The results reveal both flexible and rigid motifs of the channel, confirming and refuting various previous ideas about structural mobility, and generating new ideas regarding the structural dynamics of the gating transition itself in potassium channels.
RESULTS

Labeled tetrameric KirBac1.1 for single-molecule imaging
In liposomes of defined composition (3:1 1-palmitoyl-2-oleoyl-snglycero-3-phosphoethanolamine) (POPE)/1-palmitoyl-2-oleoyl-snglycero-3-phosphoglycerol (POPG)) without PIP 2 , KirBac1.1 channels a r t i c l e s exhibited spontaneous bursts of openings, but the channels were essentially completely closed after incorporation of PIP 2 (Fig. 1a,b and Supplementary Table 1 ). In the absence of PIP 2 , three distinct closed times were resolvable (Fig. 1c) , and when open, the channels occupied two resolvable conductance levels ( Fig. 1b) with similar durations. The mean probability of a channel being in any open state (P o ) was ~0.12 under control conditions but was reduced to ~0.004 in the presence of 5 µM PIP 2 (Fig. 1d) .
We successfully applied smFRET to KirBac1.1 channels by engineering, expressing, labeling and reconstituting concatemeric proteins containing only two cysteines within the tetrameric channel (Fig. 2a-c) . We collected tetramer fractions of Alexa Fluor 555-and Alexa Fluor 647 c2 maleimide-labeled KirBac1.1 mutants by sizeexclusion chromatography (Supplementary Fig. 1a ) and reconstituted them into liposomes (3:1 POPE/POPG). Functional assays confirmed that all labeled mutants retained channel activity and sensitivity to PIP 2 inhibition similar to those of wild type (WT) ( Supplementary  Fig. 1b) . We performed single-molecule imaging with a prism-based total internal reflection fluorescence (TIRF) microscope 28 with time resolutions of 30 ms and 100 ms (Fig. 2d) . We found that the mutant proteins were labeled very specifically, and over 95% of fluorescent spots arose from labeled KirBac1.1 cysteine mutants ( Fig. 2e and Supplementary Fig. 1c ).
Structural rigidity of the extracellular region
The backbone structure of the selectivity-filter region is remarkably consistent in all available K-channel crystal structures 7, 8, 34 , but whether this simply reflects a stable crystallographic configuration rather than a functionally relevant rigidity is unknown. Computational and experimental analyses 35 have suggested conformational coupling of the selectivity filter to the loop that extends outward. To provide direct visualization of structural dynamics in the extracellular selectivityfilter region (Fig. 3a) , we labeled the residue T120C at the top of this loop in KirBac1.1. Individual smFRET trajectories revealed a remarkably stable FRET efficiency of ~0.8, without marked fluctuations or shifts when the channel was closed by saturating PIP 2 (Fig. 3a,b,  Supplementary Fig. 2a and Supplementary Table 2) . smFRET histograms and population contour plots obtained from 76 individual channel records in the absence of PIP 2 (and 91 in the presence of PIP 2 ) (Fig. 3b and data acquired at 30-ms time resolution in Supplementary Fig. 3a) confirmed that FRET efficiencies at this position had a very narrow distribution that did not differ between closed and open states. These experiments provide a time-resolved demonstration of the rigidity of the extracellular selectivity-filter region, independent of the channel gating state, in functional channels embedded within a lipidmembrane environment.
Slide-helix constriction in PIP 2 A ubiquitous structural motif of many K channels, the N-terminal amphipathic slide helix, forms a 'belt' around the channel at the cytoplasmic face of the membrane and has been proposed to be a key linking element between ligand-binding or voltage-sensing gating domains and the pore 16, 36 . In Kir channels, the slide helix may participate in controlling the HBC gate, but structural mechanisms are not clear 4, 17, 21, 37, 38 . We placed FRET pairs in dimeric constructs at opposing A45C residues located at the N-terminal ends of the slide helices (Fig. 2a,b) . As shown by individual smFRET trajectories ( Fig. 3c and Supplementary Fig. 2b ), more than 50% of traces exhibited rapid fluctuations in FRET efficiencies between three major states in both the absence and the presence of PIP 2 . The dimensionless variance in fluorescence intensities of singly (Alexa Fluor 555) labeled A45C-WT (8.7 ± 1.7) and T120C-WT (5.7 ± 1.2) samples were not significantly different, results consistent with the measured FRET changes at residue 45 resulting from conformational changes rather than changes in signal-to-noise ratio or changes in local quantum efficiency.
smFRET contour plots and histograms from 121 individual recordings in the absence of PIP 2 (139 with PIP 2 ) ( Fig. 3d and Supplementary Fig. 2b ) revealed a distribution of FRET efficiencies between ~0.45 and ~0.95, suggesting a motion range of up to 20 Å between diagonally opposed slide helices (on the basis of distances (r) calculated with the Förster equation: r = R 0 × (1/E -1) 1/6 , where E is the FRET efficiency, and R 0 is the Förster distance of the Alexa Fluor 555 and Alexa Fluor 647 FRET pair (5.1 nm), with the assumption that the fluorophores can freely rotate at the labeling site; i.e, κ 2 = 2/3). The FRET efficiency distributions were well fit by the sum of three Gaussians (Fig. 3d , Table 1 and Supplementary Table 2 ) without substantial alteration in the histogram peak positions, both with and without PIP 2 . In the closed channel, individual trajectories ( Fig. 2c and Supplementary Fig. 2b ), as well as histograms (Fig. 2d) , revealed Fig. 1d ), but further work will be necessary to validate these ideas. Independent sets of A45C-WT smFRET data collected at 30-ms resolution generated very similar distributions and recapitulated the effects of PIP 2 on FRET distributions (Supplementary Fig. 3a) . Although the shorter inter-residue distance reduced the sensitivity of the Alexa Fluor 555-Alexa Fluor 647 pair, we also observed qualitatively similar gating-dependent FRET changes in data from W48C-WT, located in the middle of the slide helix ( Supplementary  Fig. 3b) . Our results thus implicate slide-helix motions during channel gating and suggest that closure of the channel involves tightening of the slide-helix belt, such that the lowest FRET states correspond to the 'dilated' belt that permits channel opening.
Structural transitions in the C-terminal domain
Kir channels have a large C-terminal domain (CTD) with which many intracellular regulatory ligands interact 24 . We have previously reported reduced ensemble FRET efficiency at the A273C position in the presence of PIP 2 (ref. 22) . In the present study, we again labeled two cytoplasmic-domain cysteines, F167C and A273C, as well as the external residue T120C with 5-((2-aminoethyl)amino)naphtha lene-1-sulfonic acid (EDANS) and DABCYL Plus or Alexa Fluor 488 and QSY-7 FRET pairs in dimeric or tetrameric constructs, and we then measured the PIP 2 -induced changes with ensemble FRET. Both 167C and 273C exhibited reduced FRET efficiencies with PIP 2 , whereas we again observed no significant change in FRET efficiency at 120C (Supplementary Fig. 4a) .
To visualize conformational dynamics of the CTD in closed and open states, we labeled diagonally opposed cysteines in the dimeric A273C-WT or F167C-WT constructs with Alexa Fluor 555 and Alexa Fluor 647 (Fig. 2a,b) . As indicated by individual smFRET trajectories ( Fig. 3e and Supplementary Fig. 2c ), more than 60% of A273-WT traces exhibited fluctuations between two major conformations with mean FRET efficiencies of 0.74 and 0.41 in the absence of PIP 2 . In the presence of saturating PIP 2 , the number of traces showing detectable dynamic changes decreased to ~30% (Fig. 3e and Table 2 ), and both FRET peaks shifted toward lower FRET values of 0.68 and 0.32, respectively (Fig. 3f) . These results are consistent with the ensemble FRET measurements but further suggest that the β-sheet containing residue 273 actually fluctuates between two major conformations, whether the channel is closed or open, and that both conformations are widened when the channel is closed. At the F167 site, the smFRET distributions also exhibited two clear peaks in both the absence and presence of PIP 2 , and again induced only a slight shift toward lower FRET efficiency (Supplementary Fig. 3b ). These data suggest that in addition to overall dilation in the closed channel, the major β-sheet in the CTD may undergo gating-independent 'breathing' conformational transitions that are not revealed in crystal structures.
C-terminal displacement from the membrane in closed channels
Crystal structures of both potassium and sodium channels indicate that bending and rotation motions of the pore-forming transmembrane helices (TM2 or S6) are required to remove HBC gates 6, 7, 36, 39 . For Kir channels, a rigidly coupled tilting or twisting of the CTD has also been proposed 4, 18, 22 . To test this idea directly, we constructed three concatemeric tetramers in which the channels were labeled across the membrane, at one cysteine in the selectivity-filter region of the extracellular side (T120C) and at A270C in the CTD of the same, the neighboring or the diagonally opposed subunit (Figs. 2c and 4a,c) . npg a r t i c l e s smFRET trajectories, as well as FRET contour plots and histograms from these three constructs, all indicated a shift to decreased FRET efficiencies when the channels were closed by PIP 2 ( Fig. 4 and Supplementary Fig. 5 ). Ensemble FRET data from the same constructs were again consistent with those calculated from smFRET measurements (Supplementary Fig. 4b ). These data thus indicate that the CTD indeed moves away from the transmembrane domain (TM) when the channel closes; the FRET efficiencies were consistent with the channel being ~80 Å long in the closed state, a length similar to the channel length observed in the 1P7B KirBac1.1 crystal structure 21 , and becoming ~10 Å shorter in the open state. This conclusion is consistent with those of other crystallographic and simulation studies 17, 40 , but the data do not support gating being associated with a major twisting motion of the CTD relative to the TM 41 , because such a motion would differentially affect the FRET signals in the three intra-or intersubunit arrangements.
Relating structural dynamics to ion-current gating
At location T120C in the extracellular portion of the channel near the selectivity filter, there was little detectable dynamics; over 90% of traces showed no change in FRET efficiency before donor or acceptor photobleaching ( Table 2) , and we detected no cross-correlation between donor and acceptor signal (Fig. 5a) . In contrast, A45C in the slidehelix region exhibited a strong donor-acceptor cross-correlation with a decay time constant that was not dramatically altered by PIP 2 (Fig. 5b) .
We propose that the structural dynamics at A45C is dominated by transitions among the multiple conformations of the closed state and that channel opening may occur at the lowest FRET conformations (Fig. 3c,d) . At the nearby residue W48C, the FRET signals were less dynamic ( Supplementary Fig. 3b ), a result that may be a consequence of each residue being located in different secondary structures or different local environments (i.e, A45 is located just before the slide helix b The FRET efficiency histogram of any trace exhibiting more than one population was arbitrarily defined as dynamic, in order to provide a semiquantitative assessment of the dynamic behaviors of the labeled structural motifs. npg a r t i c l e s in a loop interacting with the CTD and is relatively more exposed to the cytoplasm, whereas W48 constitutes part of the slide helix itself and sits at the cytoplasm-membrane interfacial region). We observed striking differences in FRET dynamics between active and closed channels at residue A273 of the CTD (Figs. 3e and 5c) . The donor-acceptor cross-correlation of the A273C-WT sample was well fit with a double exponential function, with both time constants substantially increasing in PIP 2 while the amplitude of both components decreases (Fig. 5c) . These changes suggest that the frequency of the conformational fluctuations in this region is suppressed when the channel is closed, consistently with a model in which ion-current gating at the HBC is directly coupled to conformational changes in the CTD 22 . npg DISCUSSION Crystal structures provide images of channels in distinct states but cannot reveal the connectivity between states or provide time trajectories of structural changes. Our detection of unsynchronized structural dynamics with smFRET provides a view of the intramolecular motions that underlie Kir-channel function within lipid membranes. Certain findings are quite striking and may have substantial implications for other channels. Perhaps most notably, the external selectivity-filter region exhibits no detectable structural fluctuations, thus demonstrating a rigidity that may be necessary to maintain ion selectivity of the pore. In contrast, both the slide helix and the CTD show marked structural dynamics and structural flexibility. Our results suggest that the tightness of the slide-helix belt controls channel gating (Fig. 5d) . In KirBac1.1 the belt is tightened by PIP 2 binding, a structural consequence that may be reversed for eukaryotic Kir channels in which a structurally distinct slide helix is involved in PIP 2 -dependent activation 17 . The motions that we detected in the KirBac1.1 slide helix and CTD reflect a marked intrinsic flexibility of the channel structure. As more ion channels become amenable to approaches similar to those described here, the conformational changes induced by gating processes in eukaryotic Kir and other ion channels may be revealed to be more dramatic and more complex than currently perceived.
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Methods and any associated references are available in the online version of the paper. 
